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ABSTRACT 

In this paper the concept, operation and predicted performance of the 
RF tracking control system used to  point 
earth is  described. This system employs 
and i s  referred t o  as Conscan. 

The spin of the spacecraft produces 
communication signal when the spacecraft 

the Pioneer F/G spacecraft a t  the 
modified conical scanning technique 

ampl i tude modulation of the up1 ink , 
antenna i s  offset  in p i - d m g  from 

the spin axis .  
phase and amplitude of the modulation (o r  Conscan signal) are then used t o  
determine the direction of the earth l ine from the spin axis and the magnitude 
of the angle (pointing error) between them. A digital signal processor i s  
employed to  measure the phase and ampl i tude of the Conscan signal. The phase 
information is  used t o  issue fir ing pulses t o  precess the spacecraft t o  a new 
p o i n t i n g  direction while the amplitude, which  i s  proportional t o  the pointing 
error angle, i s  needed to  terminate the maneuver when the spin axis i s  within 
some preselected pointing angle from the earth, 

The signal processor is  the most interesting u n i t  of the system and is  
described and analyzed i n  detail t o  show that i t  approximates maximum likelihood 
estimator. 
of the system i s  presented demonstrating that the system performance is basically 
determined by the open loop phase and amplitude error introduced by the antenna, 
receiver and the signal processor. A detailed error budget i s  included t o  
show that the phase and amplitude errors are small. 
closed loop simulation and t e s t  da ta  is presented to  verify that the er@r 
budget is real i s  ti c. 

T h i s  modulation i s  detected via a receiver AGC loop. The 

. 

The dynamic behavior of the spacecraft and the s tab i l i ty  ahalysis 

Finally, a summary o f  the 
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I .  INTRODUCTION 

The Pioneer F/G spacecraft being bui l t  by TRW Systems Group for  NASA 
is  scheduled for launch i n  March 1972 and will be the f i r s t  mission t o  
explore Jupiter. I t  will also be the f i r s t  spacecraft having a "Conscan" 
closed loop att i tude control system for po in t ing  the h i g h  gain antenna a t  
earth. This att i tude control system uses a conical scanning angle tracking 
technique described in this paper. 
system description including implementation, closed loop dynamics and 
performance i s  presented. 

In  the following sections a complete 

A dominant characteristic of the Jupiter mission is the extreme communi- 
cation distance and the cost of raw power for signal transmission. 
the required telemetry and command capability, a 9-foot antenna which can be 
accurately pointed is  used for Pioneer F/G. One practical technique available 
t o  achieve accurate p o i n t i n g  i s  t o  implement an RF-angle tracking system. 
With the spin stabilized spacecraft, a conical scanning (Conscan) angle tracker 
can be simply implemented since the sca 
the antenna pattern center of symmetry is, 'offset from the spacecraft spin axis. 

Figure 1 is a drawing o f  the spacecraft which i l lustrates  the location 
of the antennas and the precession thrusters. The main physical feature of 
the spacecraft i s  the parabolic antenna reflector which has a tripod support  
for the high gain antenna feed, feed movement mechanism and the medium gain 
horn. 

To obtain 

p automatically provided when 

8% 

The basic Conscan technique described here is frequently employed with 
ground and airborne radars. However, the overall implementation of the Pioneer 
Jupiter att i tude control system i s  appreciably different from the common Conscan 
radars. 
should become clear: from the description presented i n  Section 11. 

These implementation differences cannot be easily summarized, b u t  

The operation of the Pioneer Conscan system, in many respects, i s  similar 
to  the angular acquisition of a target w i t h  a conventional angle tracking radar. 
In our case, af ter  the earth (target) i s  acquired, the Conscan operation i s  
automatically terminated and can be init iated only be a ground command. Due 
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t o  the motion of the earth and the spacecraft d r i f t ,  conscanning has to  be 
repeated every few days (sometimes less frequently) throughout the mission. 

This paper is  organized as follows: Section I1 presents a general system 
description, while Section I11 provides detailed signal processor description 
and analysis. Section IV discusses s tab i l i ty  considerations. In Section V 
a performance assessment i s  presented including error budget and examples of 
experimental resul t s .  

I I .  SYSTEM DESCRIPTION 

The Pioneer spacecraft Conscan system shown i n  Figure 2 i s  a closed loop 
att i tude control system for  aligning the spacecraft spin axis and, therefore, 
the body fixed antenna w i t h  a n  RF signal from the earth. T h i s  control system 
can be best described as an impulse controller. 
s t a r t s  a t  a large pointing angle and a known precession step s ize  and 
terminates when the deadzone i s  reached. 

The conscanning operation 

Th scan system i s  implemented tenna radiation 
pattern &am phe spacecraft spin axis. 
spins ( a t  approximately 4.8 R.P.M.),  the uplink RF carrier received from the 
ground s t a t i o n  is  amplitude modulated. 
signal and i s  detected by the receiver .automatic gain control  and the Conscan 
processor. 
t o  the pointing error angle and is used t o  terminate Conscan when a preset dead- 
zone has been reached, while the phase provides the timing pulse for the thruster 
firing. 
movement mechanism and signal processor, are required to  implement the Conscan 
system other t h a n  those normally used for communication and open loop att i tude 
control. 

Due t o  this offset, as the spacecraft 

The amplitude modulation i s  the error 

* d ' i i l  

The amplitude of this error signal i s  approximately proportional 

I t  should be emphasized that only two additional units - the feed 
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As shown in the block diagram, two antennas are available for Conscan 
operation. The medium ga in  antenna i s  a corrugated horn and is required for 
acquisition and coarse scanning. The circumferential s lots  on the horn 
interior suppress the backlobe level and t h u s  minimize ripple due t o  inter-  
ferometer effects caused by reflections from the h i g h  gain d ish .  The medium 
gain antenna i s  permanently t i l t ed  9.3 degrees from the spin axis, producing 
a crossover level‘of 1 dB. The choice of this crossover level i s  a compromise 
between optimum Conscan performance and communication coverage requirements 
The 3 dB beamwidth i s  about 32 degrees and therefore this antenna could be 
used t o  acquire the earth within 20 degrees of the spin axis. To minimize 
propel lant consumption, and operational costs, .ix deadzone for the medium gain 
antenna of 1.3 degrees has been selected. 

The high gain antenna consists of a 9-foot parabolic reflector with a 
crossed dipole feed located a t  the focus. For normal telemetry transmission, 
the high gain antenna pattern i s  parallel t o  the spin axis and i s  only t i l t ed  
by about  1 degree (1 dB crossover) when the f ine Conscan is  required. 
high ga in  antenna,provides I_ a pencil beam pattern of about  3.5 degrees beanwidth 
and can be used for Conscan for  pointing angles from a t  least  2.5 degrees t o  :-* +’-- 

nominal deadzone of 0.3 degrees. 
by mechanically offsetting the feed from the focus with the feed movement 
mechanism. 
command, mechanically displaces the feed approximately 1 inch along the -Y axis. 

The 

‘.. L 

The t i l t i ng  of the antenna beam i s  accomplished 

The mechanism incorporates a thermal actuator which upon ground 

The amplitude modulated a 
receiver AGC which provides abo 
ing  - 10 percent. 
amplitude dependence on the received carrier power level which varies with the 
communications distance. 
signal harmonic interference, wideband AGC with about  1.8 Hz 3 dB bandwidth was 
sel ec ted . 

na o u t p u t  i s  coherently detected by the 
0 dB of dynamic range with linearity exceed- + The AGC i s  primarily required t o  remove Conscan signal 

To simplify AGC loop design and t o  reduce Conscan 

The main function of the signal processor is t o  estimate the phase and 
the amplitude of the Conscan signal embedded i n  noise and interference produced 
by wobble and antenna pattern distortion. The phase, o r  the zero axis crossing 
information, is used t o  time the precession thruster f ir ing so  that the point- 
ing error is reduced w i t h  m i n i m u m  expenditure of propellant. The amplitude 
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information, which i s  proportional t o  the pointing error, i s  used t o  
terminate the thruster f ir ing when the deadzone has been reached. The 
selected d i g i t a l  implementation of the processor approximates an optimum 
maximum l i  kel i hood phase and amp1 i tude estimator. 
ist ic of this implementation is the need for an accurate s p i n  rate or frequency 
reference. In this application this reference i s  supplied by the sun  sensor. 
While the use of the s p i n  ra te  reference results i n  a simpler and more o p t i -  
mum processing, the complexity of the overall system is  somewhat increased by 
the second loop as shown in Figure 2 .  I t  i s  important t o  point o u t  t ha t  
the signal processing does not require a phase reference, b u t  does require 
t h a t  the phase be stable d u r i n g  the computation period of 3 revolutions. 
choice of the digital versus analog implementation was easy since with the 
extremely low Conscan frequency of 0.08 Hz, the digital implementation i s  
simpler and results in improved response, s tabi l i ty ,  and re l iabi l i ty .  

An important character- 

The 

The spin rate reference t o  the signal processor is supplied by the spin 
period sector generator (SPSG). The SPSG i s  referenced from the sun sensor 

w h i c h  i s  used as an att i tude reference , The SPSG counts an internal clock 
for one spacecraft revolution (time between sun pulses) and digitally divides 
this number into 512 evenly spaced sectors. 
used for the scientific instruments and for the open-loop a t t i  tude control 
maneuvers; however, they are also suitable t o  provide timing t o  the Conscan 
processor. The SPSG has another mode o f  operation in which the reference 
frequency is based on the period of the previous 64 revolutions. 
operation reduces the effect of phase j i t t e r  due t o  wobble. 

* 

These t i m i n g  signals are primarily 

This mode of . 

The firing pulses from the signal processor are applied t o  the spacecraft 
precession thruster pair .  This pair consists of thruster No. 1 located on the 
+Y axis w i t h  the throa t  fac ing  +Z direction and thruster No. 2 located on 
-Y axis w i t h  the throat  facing.-Z direction. The application of the firing 

* The s u n  sensor produces a single pulse on each revolution of the spacecraft 
when the s u n  intersects the Y ,  Z plane on the +Y side o f  the spacecraft. 
The one pulse per revolution signal is  the "roll  reference pulse" used by the 
SPSG. 
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pulses to.this thruster pair produces a torque impulse. The torque impulse 
causes a change in the direction of the angular momentum vector and precesses 
the spin axis in the direction of the -X axis a t  the instant of pulse f i r ing 
by a constant amount, the precession step size. Since the pulses are narrow 
(125 ms or 31.25 ms) relative t o  the ro ta t ion  period of 12.5 seconds, the 
applied torque can be considered as an impulse. 

The fir ing of the thrusters also induces a wobble or nutational motion 
of the spin axis about the angular momentum vector. As shown in Appendix A, 
there are two sinusoidal wobble terms a t  frequencies 1.85 
the spin frequency in rad/s). The higher frequency term is  by fa r  the larger 
in amplitude and i s  slightly less t h a n  the precession step size. When computing 
system errors, the two wobble terms can be approximated by an additive inter- 
ference. 
Conscan frequency, most of the interference due t o  wobble i s  f i l tered o u t  by 
the s i  gnal processor. 

and 0.15 us (us i s  

Fortunately, because the wobble frequencies are f a r  removed from the 

As discussed in Appendix A ,  the wobble amplitude depends on the frequency 
of pulsing o r  the number-of revolutions per precession step, r. For r > 4, 
the maximum wobble amplitude becomes a sensitive function of the spacecraft 
mass properties and theoretically can grow without bound for some circumstances. 
To minimize wobble amplitude and variation with mass properties, r = 3 was 
selected. Note that with simple signal processor implementation, as discussed 
in the following section, the choice of r also specifies the equivalent noise 
bandwidth. Selection of  r = 3 results in a reasonable compromise between 
wobble and the thermal noise performance. 
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I I I .  SIGNAL PROCESSOR PERFORMANCE 

The most important and interesting Conscan system u n i t  is the signal 
processor. 
detai 1. 

For this reason, i n  this section i t  i s  described and analyzed in 

The block diagram of the implemented digital Conscan signal processor 
is shown i n  Figure 3.  This processor closely approximates the optimum maxi- 
mum likelihood phase and amplitude estimator of Figure 4. 

The analog-to-digital converter samples a t  the ra te  of 128 samples per 
second and uses the successive approximation technique t o  encode each sampled 
value to  an 8-bit binary word. 
quadrature square wave reference signal and accumulated for two spacecraft 
revolutions. 
comparator where the absolute value of the larger, ILI, and the smaller, I S l ,  
are computed. 

6 percent. 
I n  the amplitude comparator, the threshold sett ing for  automatic Conscan ter-  
mination is  selected and the bias type error i s  compensated. 

The data is then mixed w i t h  an in-phase and 

The two accumulator ou tpu t s  Acos e and Asin e are input into the 

The amplitude i s  estimated by the computation algorithm 
= ILI + 1/2  I S 1  and results in a maximum approximation error of  

S The phase estimation s t a r t s  by computing the r a t i o  llrl in the divider 
which is  equal t o  t a n  e for lcosel > lsine] and t o  cose for Isinel > Icosel. 
The approximate computation of from tane  takes place in the phase counter 
which counts a t  a nonlinear ra te  such that an approximation t o  the tangent 
function is generated. 

S computed lil parameter and a pulse fs  generated when they are equal. 
of the approximate phase computation algori thm results in maximum error of 

above threshold, a f ir ing pulse is generated t o  the spacecraft precession 
thrusters. 

The o u t p u t  of the phase counter i s  compared with the 
The use 

2.5 degrees which i s  negligibly small, When the Conscan.signa1 amplitude i s  

The primary function of the Conscan signal processor i s  t o  reject  both 
narrowband and wideband (noise) interference and, therefore, reduce phase and 
amp1 i tude errors. The processor performance w i t h  narrowband sinusoidal inter-  
ference i s  best i l lustrated by the frequency response, while the noise per- 
formance can be expressed directly in terms of the phase and amplitude errors. 
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Since the f i l ter ing i n  the processor i s  accomplished by the integrate 
and dump devices, ideally we would get the well known 1 7 1  frequency response. 
However, the multiplier reference signals are square waves, n o t  sinusoids and 
therefore introduce odd harmonics, nus, o f  relative amplitude 3 

As far as  noise performance is concerned, one might expect t h a t  the 
actual processor can be approximated by the maximum 1 i kel ihood phase estimator 
of Figure 4. 
the variance of the estimated phase is  given by 

sinx 

1 

For this estimator, i t  has been shown t h a t  the lower bound on 
921, 

where b ’ ( 6 )  i s  the bias term, S/@ i s  the i n p u t  power-to-noise density and T i s  
the integration time. 
application, b ’ ( e )  << 1 and the mean square phase error can be approximated by 

For high pos t  detection SNR, such as  encountered in this 

2 
K where 8 i s  the degradation due t o  square wave referenceo Ps/No i s  the signal 

power-to-noise density a t  the receiver AGC o u t p u t  and  p i s  the effective’ 
SNR. The p l o t  of equation ( 2 )  together w i t h  the measured performance i s  
presented in Figure 5. 
approximates the maximum 1 i kel ihood estimator performance. 

This verifies t h a t  implemented d i g i t a l  processor closely 

For some purposes i t  i s  convenient to  define the processor noise bandwidth .  
By comparing ( 2 )  with the phase variance a t  the o u t p u t  of a PLL, the 
equivalent single-sided noise bandwidth can be defined as 

-12- 



\. 0 MEASURED AMPLITUDE ERROR 

ps 
T dB’Hz INPUT SIGNAL-TO-NOISE DENSITY, 

-10 -8 -6 -4 -2 Q 2 4 6 8 10 12 14 
FIGURE 5. RMS NOISE ERRORS -1 3- 



For the nominal integration time of 25 Seconds, we get a noise bandwidth of 
about 0.02 Hz. Note t h a t  w i t h  the digital implementation, the noise bandwidth 
can be reduced i f  necessary by simple increase of the integration time. 

The maximum-1.i kel i hood amplitude estimator i s  equivalent to  the ideal 

Application of these well known envelope detector results to  the processor 
shows that the mean of the estimated amplitude is 

envelope detector used t o  detect sine wave i n  additive Gaussian noise [3J. 

where Io and I1 are the modified Bessel functions of  order zero and one, 
respectively, and the variance i s  

The amplitude error defined as the standard deviation and expressed i n  percent 
of the mean i s  also given  i n  Figure 5. 
the theoreti cal amp1 i tude error asymp t o t i  cal l y  approaches 52.3% w i  t h  the de- 
creasing p ,  however, the estimator is  biased and the mean of the estimate 
increases due t o  the rectification of the noise. 

I t  i s  interesting t o  p o i n t  out t h a t  

IV. SYSTEM STABILITY 

A s tabi l i ty  analysis of the closed loop Conscan system can be simply 
performed because the system has an impulse controller and can be considered as 
quasi-static. 
precession direction i s  made. A t  the end of this period, the estimate i s  
available, w i t h  no transient error i n  the ordinary sense associated w i t h  i t .  
A t  this time, the momentum vector (which i s  normally fixed i n  inertial  space 
and determines the basic po in t ing  direction) is precessed a fixed amount i n  the 
estimated direction by a torque impulse from the thrusters. 

For three spacecraft revolutions a "best" estimate of the desired 

To determine s tab i l i ty ,  
only the error i n  the estimate gf the direction, along w i t h  the effect  of this 
error on system behavior, qeed be considered. 
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When precessed, the resultant wobble is eventually damped out  such t h a t  
the spin axis and the momentum vector coincide. 
i t s  major effect is t o  decrease the accuracy in the estimate o f  the precession 
direction, i t  can be treated as just another error source affecting the system 
abili ty t o  estimate phase. 
without bound and precession a t  an improper angle such t h a t  the deadzone i s  not  
reached. With large pointing errors of the s p i n  axis from the earth l ine,  the 
spin axis can be precessed a t  any angle less t h a n  90' (phase angle 
and come clwer  t o  the earth i n  po in t ing .  This is not true near the deadzone, 
however. 
of the deadzone and the precession step size. One c;an imagine t h a t  w i t h  a . 
very small deadzone and a large step size, i t  would be impossible t o  reach t 9 q  

the deadzone a t  a1 1 .  

The wobble i s  bounded and since 

The two destabilizing factors are wobble growing 

90') 

In  fact ,  the maximum allowable phase error angle i s  a func t ion  only 

Bias errors are more cr i t ical  than random errors when the system approaches 
the deadzone. 
error can be predicted by a simple geometric approach. A sequence of precession 
steps from some arbi t ra ry  i n i  t ia l  poi n t i  ng error i s  performed geometri cal ly  
u n t i l  the deadzone i s  reached. Phase bias error can be introduced into each 
step and may be either constant, or a function of the p o i n t i n g  error as i n  the 
case of antenna errors. The number of precession steps required t o  reach the 
deadzone from some in i t ia l  posit ion as a function of the phase bias i s  a measure 
of the system s t a b i l i t y .  This number of steps i s  normalized t o  the ideal number 
(zero error).  
i s  called the "gas usage ratio". A p l o t  of the gas usage r a t i o  versus phase 
bias is  given i n  Figure 6. This p l o t  i s  for  the 1' deadzone and 0.32' (worst 
case) precession step size t h a t  would normally be used w i t h  the medium ga in  
antenna. 
i t  also applies t o  the Conscan w i t h  the h i g h  g a i n  antenna i f  the r a t i o  of the 
deadzone t o  the step size i s  unchanged. Thus, Figure 6 i s  also directly applicable 
t o  the h i g h  gain antenna w i t h  0.125' deadzone and a 0.04Ostep size. 

The system performance under the influence of introduced b i a s  

Since this normalized number i s  a measure of the fuel wasted, i t  

Since this figure i s  generated primarily from geometric considerations 

Al though  the gas usage r a t i o  was derived from geometric considerations only, 
the simulation results have shown surprising agreement with the analytical 
predictions. The error used for both the geometric estimate and the simulation 
was, however, an idealized constant b i a s ,  identical i n  bo th  cases. In the 
next section, some simulation and tes t  results w i t h  random errors (noise) are 
presented . 
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V.  PERFORMANCE 

The closed loop Conscan' system performance is  mainly determined by 
the phase and amplitude errors. As discussed i n  the previous section, the 
phase errors primarily determine the gas usage rat io .  
estab ish how reliably Conscan can be terminated a t  the selected deadzone. 
In t h  s section, open loop errors are described and related to the gas usage 
rat io  and probability of Conscan termination. 
tes t  results a re  also presented to  verify analysis. 
of the deadzone i s  discussed. 

The amp1 i tude errors 

Closed loop simulation and 
First, however, selection 

The Conscan system i s  required to point the spacecraft h i g h  gain antenna 

Since the errors 
to within f 0.5' of  the earth. In addition, this has t o  be accomplished w i t h  
a m i n i m u m  amount of propellant and minimum operational cost. 
increase w i t h  decreasing pointing error angles, selection of a small deadzone 
(0.1' for example) results in somewhat larger gas usage ratio.  
a large deadzone (0.4' for instance) results i n  higher probability t h a t  
Conscan is automatically terminated before the pointing error i s  reduced to 
0.5'. In this case, since the Conscan cannot be automatically init iated,  a 
ground command to spacecraft has t o  be transmitted. 
the propagation time is long (e.g., a t  Jupiter distance two-way propagation 
time i s  1 hour and 40 minutes) and repeated attempts t o  achieve the desired 0.5' 

pointing error may not be practical. 
i s  not very sensitive to the choice of deadzonie and i t  can be demonstrated t h a t  a l l  
requirements can be met w i t h  a deadzone ranging from 0.1' to 0.4'. 
h i g h  gain antenna a deadzone o f  0.3' has been selected. 

Selection of 

A t  extreme distances, 

Fortunately, for small errors, gas usage 

For the 

The error budget for the engineering model spacecraft is presented i n  
Table 1. Since many errors are  approximately inversely proportional to the 
Conscan signal amplitude and the noise errors depend on the communications 
distance, this table i s  directly applicable to the pointing error of  0.3 
degrees and the communications distance of 6 AU only. Mote that a large 
number of error sources such as Deep Space Station (DSS) antenna gain variation, 
transmitter amplitude modulation, spacecraft antenna even harmonics, polariza- 
tion, e l l ip t ic i ty  and frequency reference phase j i t t e r  have been computed and 
found to be negligible. 
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In general, i t  can be verified that the individual errors are un-  
correlated. S t i l l ,  the rigorous computation and interpretation of the total 
error i s  complicated by the fact  that  the individual sources do not have the 
same s ta t i s t ica l  distributions and some are  slowly varying relative to  the 
Conscan time. For mathematical t ractabi l i ty ,  however, this problem has been 
neglected and the total random error i s  computed by root-sum-squaring a l l  
i ndi v i  dual sources. 

The worst case gas usage rat io  can now be determined by treating the 
computed total 3 sigma phase error ( 3  sigma random & bias i n  Table 1)  as a 
b ias .  Under this assumption, Figure 6 can be used and the three sigma gas 
usage r a t io  corresponding t o  a phase error 
than 1 . l .  
ment i s  essentially negligible. 

of 16.3 degrees is  found to be less 
Thus ,  the amount of gas wasted due to  the imperfect phase measure- 

The total amplitude error establishes how reliably Conscan can be 
terminated a t  the selected deadzone. 
approximately proportional to  the pointing error angle, these amp1 itude errors 
can be converted to deadzone errors expressed i n  degrees which we will refer to as 
pointing accuracy. 
error, for the nominal deadzone of 0 . 3  degrees, the one-sigma pointing accuracy 
is 0.022 degrees. In Figure 7, the predicted pointing accuracy for other dead- 
zones i s  plotted. Using results of Appendix B ,  i t  can be shown that even for 
a 0.1 degree deadzone, Conscan opera t i  on w i  11 be terminated between pointing 
error angles of 0.1 - As and 0.1 + A &  w i t h  probability of 0.99. 

Since the Conscan signal amplitude i s  

For example, corresponding to  the 7.25% total  amplitude 

Verification of the system performance has been performed both by an 
extensive simulation and by closed loop tes ts .  
included both nominal and worst case unit models and f l ight  conditions. 
example, tests w i t h  worst case antenna ripple, mechanical misalignment and spin 
rate variations have been included. 
gas usage ra t io  was possible. 
described. 

T h i s  simulation and testing 
For 

In a l l  cases, Conscan operation w i t h  increased 
Next, some typical simulation and t e s t  results are  
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Figure 8 is  a simulation results and i l lustrates  spin axis precession with 
superimposed wobble.. I t  presents the "Conscan trajectory'' which i s  a projection 
of the spin axis on a plane perpendicular to  the earth line. 
present wobble and confirms the existance of two wobble frequencies. The 
almost ideal straight l ine pa th  is in agreement w i t h  the simulation conditions 
since idealized antenna, receiver AGC and signal processor models were used. 
The primary objective of the simulation and the closed loop tes ts  was t o  verify 
the implementation concept. 

The c i rc le  re- 

The el l ipt ical  Conscan trajectory shown i n  Figure 9 i l lustrates  the effect  
o f  a bias e r rw .  
ing from an in i t ia l  position of 5' increases and results in propellant gas waste. 
The 36' phase bias was intentionally inserted t o  verify system stabi l i ty .  
phase error of this magnitude is not  expected for any f l igh t  condition. 

I t  shows that the number of steps t o  reach the deadzone start- 

A 

I n  the closed loop t e s t  of the system, the engineering models of the re- 
ceiver, signal processor, and the spin period sector generator were used. 
spacecraft dynamics, antenna and the sun sensor were simulated on an analog 
computer. A typical t e s t  trajectory i s  shown in Figure 10. The conditions under 
which this trajectory was obtained correspond closely t o  the actual f l igh t  condi- 
tions with the exception of larger communication distance (15 AU), and the fact  
t h a t  the antenna mechanical a1 ignment and antenna measurement errors were no t  
simulated. The trajectory i s  a straight line, indicating absence of phase bias 
and the negligible effect of random (noise) errors. The large wobble amplitude 
a t  the beginning of the trajectory is  dcue t o  t e s t  implementation characteristics 
and will n o t  exist  d u r i n g  the fl ight.  The final trajectory, Figure 11, shows 
the effect of extremely large phase bias. 
w i t h o u t  difficulty,  the gas usage rat io  increased t o  1.7. 

The 

While the deadzone was s t i l l  reached 
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CONCLUSION 

We have shown that for the s p i n  stabilized spacecraft, the Conscan 
system described here can be very simply implemented. We have also presented 
analytical and experimental results which verify that the 9-foot spacecraft 
antenna can be accurately pointed a t  the earth (0.3 degree deadzone). 

The present Conscan system, w i t h  minor modifications, can be used for  
Advanced Pioneer missions to  other planets. 
performance, Advanced Pioneer might employ larger deployable antennas and use 
X-band frequency on the down1 i nk  and, therefore, require more accurate point- 
i n g .  
easily improved to meet this more stringent pointing accuracy requirement. 

To jmprove communications 

Preliminary analysis indicates that  Conscan system performance can be 
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APPENDIX A 

SPACECRAFT DYNAMICS 

In this appendix, a simplified description of the dynamic behavior 
of the spacecraft is presenkd. 
Conscan design are  discussed. 

The implications of this behavior on the 

The basic equations describing the motion of the spacecraft are the 
Euler equations: 

where 

I - I  T w = y  z w w + x  

X X 
- Y z  -y-- 

W ”  z x WX wz -1 y 

I x 

I - I  T 

I I 

I - I  T 

Y 
Y Y 

w =  X y w 0) 3- -2- 
z X Y  

I Z  IZ 

= spacecraft principal moment of inertia 
X,Y 5 z I 

about x, y or z axis. 

= torque about.x, y o r  z axis 
X,Y 5 z T 

w = angular velocity about x, y or z axis 
X ¶ Y  ,z 

For brevity i n  this paper, these equations do n o t  include a number of effects 
which have been considered, namely, flexible body effects and damping by the wobble 
damper. 
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The above general equations can be simplified for the Pioneer spacecraft. 
The spacecraft configuration i s  such t h a t  the thrusters only apply a torque 
about  the x axis, thus Tz = 

negligible such t h a t  w Z  = us, a constant, No other simplification can be made 
w i t h o u t  h i d i n g  some important effects. 

= 0. Spin  rate changes dur ing  precession are 
TY 

The precession control i s  obtained by f i r ing the thrusters a t  the 
appropriate time t o  precess the spin axis (zb)  i n  the desired direction. 
When this occurs, the momentum vector moves t o  the new position and the spacecraft 
wobbles about this position as described by these equations. 
time is computed by the signal processor which detects the earth spin ax is  plane 
and issues a signal when the thrusters are  i n  the proper position. 

The proper firing 

After the appropriate introduction of kinematics and Euler angles, these 
equations can be solved by ordinary Laplace transforms. 
projected onto a fixed inertial  plane 
of the momentum vector. 

given by the solution of the Euler equations. 
motio'n and i s  given by: 

The s p i n  axis i s  
(called the 6 plane) containing the pa th  

The projection o f  the spin axis onto  the 6 plane is  
T h i s  result  describes the wobble 

2Tx E ~ ( t )  = -- -(N) s i n  - 2(k2 - 1) I x 2 

k - 1  

" X  s i n [ ( l  + k) w s t  + @l] T s i n  kQ2.rrsin Nkm 

I kk w s i n  k?rr k + l  
+ x  

x x s  

k - k  

k - 1. 
+ X s i n  [(I - k) w s t  + #I,] 

where 
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Vector  Path.  
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Tx = torque applied = 8.5 f t  lb 

5 = angular w i d t h  of thruster pulse fired - 3.6’ for medium 
gain antenna pulses 

w = the vehicle spin rate = 0.503 rad/sec 

r = number of vehicle revolutions between thruster 
s 

firings = 3 

All of the above are constants. The only remaining terms are N, the number 
of pulses fired, phase angles + and +2 which depend on in i t ia l  conditions, 
and time, t. The interpretation of the solution is  now simplified. 

The f i r s t  term in the solution is a constant multiple of N .  That i s ,  
each pulse fired causes the centroid of the angular position ( the momentum 
vector) t o  increase by a constant amount equal t o  the precession step size.  
This term nominally describes the position of the momentum vector. 
second term in the solution i s  sinusoidal, and describes the wobble motion 
about  the momentum vector. 
solution. 
o u t  a f te r  the pulse fir ing i s  terminated. 
occur, (1  + k)wsand  (l-k) s ,  

dominates the appearance of the wobble. 

The term outside the brackets i s  of  great importance for  Conscan since i t  

The 

Damping of wobble is no t  included in this simplified 
I f  i t  was included i t  would show t h a t  the wobble eventually dies 

Note t h a t  two wobble frequencies 
w The f i r s t  of these is the larger in amplitude and 

contains the term sin krr i n  i t s  denominator. For some combinations of k and r ,  
this term can be zero which implies t h a t  the wobble can grow without bound i f  
pulsed enough - note the term sin Nknr in the numerator. 
processor, i t  i s  desirable t o  compute the phase and amplitude signals for a 
relatively long time (multiple of spin period) t o  improve the accuracy. A 
tradeoff is  made in the selection of r between wobble interference with the 
Conscan signal and the processor noise bandwidth described previously. The 
wobble amplitude can be very large since for large r ,  the term sin krr is very 
sensitive t o  small changes i n  k. 
of k as a function of r ,  i t  is  seen tha t  local minima occur as  shown in 
Figure A-2. For k = 0.87, the minima are a t  r = 3.7, 11.5, 10.5, etc. For 
k = 0.85, the minima occur a t  r = 3.3, 10, 16.6, ... Since i t  was predicted 
t h a t  k would be about 0.85, the value r = 3 was selected for the optimum interval 
.between pulse f i r i  ngs . 

In the Conscan 

I f  (s in  k n r ) - ’  i s  plotted for different values 
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APPENDIX B 

CONSCAN TERMINATION PROBABILITY 

Assuming that  the amp1 i tude measurements from pulse-to-pulse are 
uncorrelated, the probability that Conscan has not been terminated Pc( E )  , 
a t  pointing angle, E, can be approximated by the cumulative probability 

where 
E - E  

= number of precession steps i 
A €  

N =  

E i = Ini t ia l  pointing angle 

( A E )  = Precession step s ize  

FT(a) is the single shot probability o f  crossing threshold a t  angle a. 
Since the total  error i s  a sum of many s t a t i s t i ca l ly  independent variables, 
using Central Limit Theorem, i t  can be just i f ied t h a t  the sum has a Gaussian 
distribution. Therefore, PT(a) i f  found from 

where - 
A 

AT - A 
AA X =  

AT = threshold setting 

A = signal amplitude a t  the threshold detector input 

AA = total 1 sigma error a t  the threshold detector 

- 
h 

i n p u t  presented i n  Table 1 

Using the above expressions, i t  can be shown that even for  a deadzone of 
0.1 degrees the Conscan operation will be terminated between pointing error 
angles of 0.1 - A E  and 0.1 + A €  w i t h  probability of 0.99. 
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